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characteristic seven WD40 repeats (Figure 1C). Within
the N-terminal regions, similarity among fzy/fzr family
members is generally very low, except for a small region
recently named C-box [12], which is required for binding
to the ubiquitin ligase anaphase-promoting complex/
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Germany cyclosome (APC/C). Although recognizable, the C-box
of FZR2 is slightly diverged (Figure 1C).2 Department of Biology
City College of New York To evaluate whether fzr2 is a functional fzy/fzr family
member, we analyzed whether its expression prevents138th Street and Covent Avenue
New York, New York 10031 fzy or fzr mutant phenotypes during Drosophila em-
bryogenesis. A UAS-fzr2 transgene in combination with
prd-GAL4 resulted in expression within alternating epi-
dermal segments. While UAS-fzr2 expression did notSummary
prevent (data not shown) the characteristic metaphase
arrest observed in fzy mutants [13], it clearly suppressedProteolysis of mitotic regulators like securins and
the fzr mutant phenotype. As previously described [3],cyclins requires Fizzy(FZY)/Cdc20 and Fizzy-relat-
a lack of zygotic fzr function results in a failure to de-ed(FZR)/Hct1/Cdh1 proteins [1–5]. Budding yeast Cdh1
grade the mitotic Cyclins A, B, and B3 during the firstacts not only during G1, but is also required for B-type
G1 phase occurring after mitosis 16 in the epidermis.cyclin degradation during exit from mitosis when Cdh1
After mitosis 16, therefore, Cyclin B is readily detectableis a target of the mitotic exit network controlling pro-
by immunofluorescence in all epidermal cells of fzr mu-gression through late mitosis and cytokinesis [6, 7]. In
tant embryos (Figure 2B), while, in fzr sibling embryos,contrast, observations in frog and Drosophila embryos
Cyclin B is only observed in the nervous system, buthave suggested that the orthologous FZR is not in-
not in the epidermis (Figure 2A). Within the UAS-fzr2-volved during exit from mitosis [3, 8]. However, the
expressing regions of fzr mutant embryos, ectopic reac-potential involvement of minor amounts of maternally
cumulation of Cyclin B after mitosis 16 did not occurderived FZR was not excluded in these studies. Simi-
(Figure 2C, arrowheads), demonstrating that FZR2 canlarly, the reported absence of severe mitotic defects
provide FZR function. However, FZR2 might be lessin chicken Cdh1/ cells [9] might be explained by the
active than FZR, because prd-GAL4-mediated UAS-fzrrecent identification of multiple Cdh1 genes [10]. Here,
expression already induces premature degradation ofwe have carefully analyzed the FZR requirement dur-
mitotic cyclins before mitosis 16 [3], while analogousing exit from mitosis in Drosophila, which, apart from
UAS-fzr2 expression had little effect before mitosis 16fzr, has only one additional homolog. We find that this
(data not shown).fzr2 gene, although expressed in the male germline,
The finding that only targeted UAS-fzr2 expression,is not expressed during mitotic divisions. Moreover,
but not the endogenous fzr2 gene, prevented Cyclin Bby characterizing fzr alleles, we demonstrate that com-
reaccumulation after mitosis 16 in fzr mutant epidermispletion of mitosis including Cyclin B degradation does
suggested that fzr2 is not normally expressed whennot require FZR. However, fzr is an essential gene corre-
epidermal cells become postmitotic. Indeed, in situ hybrid-sponding to the rap locus, and FZR, which accumu-
ization failed to reveal fzr2 expression during embryogene-lates predominantly in the cytoplasm, is clearly re-
sis (data not shown). Similarly, RT-PCR experiments failedquired during G1.
to detect fzr2 transcripts during embryogenesis and lar-
val development (Figure 3A, lanes 1–7). However, low
Results and Discussion transcript levels were observed in pupae (Figure 3A,
lane 8), and higher levels were observed in male (Figure
fzr2, a Novel fzy/fzr Family Member Is Expressed 3A, lane 10), but not female, adults (Figure 3A, lane 9).
during Male Meiosis Additional RT-PCR experiments demonstrated that fzr2
Apart from the previously characterized genes fzy, fzr, is expressed in testes (Figures 3B and 3C), and in situ
and cortex, the Drosophila genome [11] contains one hybridization confirmed this finding. fzr2 transcripts were
additional member of the fzy/fzr family (CG16783). This detected primarily in premeiotic spermatocytes (Figure
fizzy-related 2 (fzr2) gene is intronless and nested within 3D). Only background signals were observed in the api-
the last intron of another uncharacterized gene (Figure cal testis region containing the somatic and germline
1A). The embedding gene, CG2970, encodes a stomatin- stem cells as well as the immature spermatocyte clus-
like protein that therefore presumably functions inde- ters during the mitotic gonial divisions. Interestingly,
pendently of fzr2. The putative FZR2 amino acid se- cortex, the most distant member of the Drosophila fzy/
quence is more similar to metazoan FZR than to FZY fzr family, is exclusively expressed during oogenesis
homologs (Figures 1B and 1C). Similarity is most exten- [14]. fzr2 and cortex, therefore, might have similar roles
sive within the C-terminal region, which includes the during male or female meiosis, respectively.
fzr transcripts were also detected in testes (Figure 3C,
lane 1), although with a slightly different distribution. fzr3 Correspondence: chle@uni-bayreuth.de
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Figure 1. fzr2 Is a fzr/HCT1/CDH1 Family Member
(A) The intronless fzr2 gene is present within the last intron of the unrelated CG2970 gene. The black box represents the coding region, and
the dotted boxes represent the 5 and 3 untranslated regions as predicted from the sequence of expressed sequence tags [26]. The 5
untranslated region of fzr2 is partially overlapping with the penultimate of the CG2970 exons, which are represented by white boxes.
(B) The dendrogram generated by CLUSTAL indicates that Drosophila FZR2 (Dm FZR2) is more closely related to Drosophila FZR (Dm FZR)
and human Cdh1 (Hs CDH1) than to Drosophila FZY (Dm FZY) and human Cdc20 (Hs CDC20).
(C) The structure of FZR2 and its sequence within the N-terminal C-box (filled region, [12]) is illustrated and compared with the other members
of the Drosophila FZY/FZR family. The extent of amino acid identity (%) within the divergent N-terminal regions or the conserved C-terminal
regions, which includes the seven WD40 repeats, is tabulated in the dotted or hatched areas below or above the diagonal, respectively.
(D) The structure of fzr wild-type and mutant alleles is illustrated. Triangles denote the positions of the P element insertions G0418 and G0326.
Broken lines indicate the regions containing the breakpoints of the intragenic deletion fzrie28, while the solid line represents regions known to
be deleted. Exons are indicated by boxes, with filled regions corresponding to coding sequences.
signals were reproducibly of maximal intensity within at which the epidermal cells enter the first G1 phase
during wild-type development were sorted manually be-the subapical region containing primary spermatocyte
clusters that have just completed the last mitotic division fore preparation of extracts and immunoblotting with
anti-FZR antibodies. During this stage, zygotic fzr ex-(Figure 3E). Interestingly, apart from in the testes, fzr is
also expressed in other adult tissues (Figure 3B, lane 3) pression is upregulated in almost all embryonic tissues
[3]. The level of maternally derived FZR protein presentthat lack proliferating cells. Expression in postmitotic
cells has also been demonstrated for the mammalian in fzr embryos was found to be at most 1% of the
amount present in fzr embryos (Figure 4A).fzr homolog Cdh1 [15].
The antibodies against FZR also allowed an analysis
of the intracellular FZR localization. Interestingly, spe-Maternally Derived FZR Protein Levels
cific anti-FZR signals were observed in the cytoplasmSince fzr2 is not expressed during embryogenesis, it
(Figure 4B). In contrast, the Drosophila emi1 homologcannot explain the normal progression through mitosis
RCA1, which is thought to bind and inhibit FZR, hasin fzr-deficient embryos [3]. However, as our previous
been reported to accumulate in the cell nucleus afteranalyses had clearly revealed the presence of maternal
overexpression [16]. This apparent difference in intracel-fzr transcripts in early embryos, we addressed whether
lular localization of FZR and RCA1 might represent anmaternally derived FZR might mask mitotic defects in
artifact of rca1 overexpression or indicate regulatedembryos lacking zygotic fzr expression. Maternal fzr
binding of these proteins.transcripts are detected during the first few syncytial
division cycles. Although these transcripts are no longer
detected during the cell division cycles 14–16 following Maternally Derived FZR Protein Does Not Mask
Mitotic Defects in fzr Mutant Embryoscellularization [3], the FZR protein translated early on
from the maternal transcripts might be more stable and Even though FZR levels in fzr embryos are strongly
reduced compared to fzr embryos, residual maternallyperdure throughout the epidermal cell proliferation
period. derived FZR might still be sufficient to satisfy a mitotic
requirement. In principle, fzr progeny derived from fzrTo estimate the levels of perduring maternally derived
FZR protein, we performed immunoblotting experi- mutant germline clones can be expected to lack FZR
protein completely, and their analysis should reveal thements. fzr and fzr sibling embryos during the stage
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Figure 3. fzr2 Is Expressed Exclusively during Male Meiosis
(A–C) RT-PCR experiments were used to monitor expression during
(A) various developmental stages, (B) in males with () or withoutFigure 2. FZR2 Can Provide FZR Function
testes () as well as in females, and (C) in isolated testes. Products(A–C) UAS-fzr2 was expressed in alternating segments of fzrie28 em-
were amplified in parallel reactions with primers specific for eitherbryos by using prd-GAL4 (C, fzr prdfzr2). These embryos as well
fzr2, fzr, or fzy. In addition, control experiments were performedas (A) fzr () and (B) fzrie28 (fzr) sibling embryos not expressing
with primers specific for twine (twe), 1-tubulin (tub), and ribosomalUAS-fzr2 were immunolabeled with anti-Cyclin B during stage 13.
protein 49 (rp49). While twine encodes a Cdc25 phosphatase ex-(A) At this stage, postmitotic epidermal cells in fzr embryos no
pressed exclusively in gonads [27, 28], tubulin and rp49 are ubiqui-longer accumulate Cyclin B, which, however, is still present in the
tously expressed. Moreover, to demonstrate that the obtained prod-proliferating nervous system. (B) In contrast, Cyclin B accumulates
ucts were not amplified from potential DNA contaminations, wethroughout the epidermis in fzr embryos. This ectopic Cyclin B
also performed control experiments in which the addition of reverseaccumulation is clearly suppressed in fzr embryos within the UAS-
transcriptase (rt) was omitted (). The absence of contaminatingfzr2-expressing regions (indicated by arrowheads in [C]).
genomic DNA was also revealed by the size of the products in the
case of fzy and rp49, because the corresponding primer sequences
are located within different exons, and this resulted in larger prod-functional significance of maternally derived protein.
ucts (indicated by black squares on the right side in [B]) when totalHowever, our initial phenotypic characterizations [3]
genomic DNA (g) was used as a template. (A) The developmental
were accomplished with a chromosomal deficiency, stages analyzed were embryos at 0–2, 2–4, 4–8, or 8–16 hr after egg
Df(1)bi-D3, which deletes other genes in addition to fzr. deposition, larvae during the first (L1), second (L2), and third (L3)
Thus, Df(1)bi-D3 is not amenable to germline clonal anal- larval instar, pupae (P), as well as adult males and females. Results
obtained with fzr2 primers are shown in the upper panel, and resultsyses, and fzr null alleles had to be generated first. Reces-
obtained from the control experiment with tubulin primers are shownsive lethal P element insertions [17] within either the 5
in the lower panel.untranslated leader region or the first intron of the fzr
(D and E) In situ hybridization was used to analyze the transcript
gene (Figure 1D) were found to cause a weaker pheno- distribution of (D) fzr2 and (E) fzr in testes.
type than previously observed in Df(1)bi-D3 embryos.
While all epidermal cells reaccumulate Cyclin B after
mitosis 16 in Df(1)bi-D3 embryos [3], only occasional epidermal cells progressed through a complete addi-
tional division cycle, as previously described in Df(1)bi-cells displayed this phenotype in embryos hemizygous
for the P element insertions (Figure 4C). D3 embryos [3]. Based on labeling with antibodies
against Cyclin B, tubulin, and a DNA stain, this additionalThe P element insertions allowed the isolation of im-
precise excisions that were associated with a cell cycle mitosis 17 appeared to be completely normal (Figure
4D). Exit from mitosis was accompanied by chromo-phenotype indistinguishable from Df(1)bi-D3 embryos.
As in Df(1)bi-D3 embryos, all epidermal cells reaccumu- some segregation to the poles, mitotic cyclin degrada-
tion, and midbody formation. Molecular analyses bylated mitotic cyclins after mitosis 16 in embryos hemizy-
gous for the imprecise excision fzrie28 (Figure 4C). More- PCR indicated that the genes flanking fzr are both pres-
ent in fzrie28, while part of the fzr promoter and codingover, in addition to mitotic cyclin reaccumulation, the
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Figure 4. FZR Is Not Required for the Completion of Mitosis
(A) Extracts from 8- to 10-hr embryos with (fzr) or without (fzr) zygotic fzr function were analyzed by immunoblotting for the presence of
FZR (FZR), Cyclin B (CYCB), and tubulin (TUB). Serial dilutions of the fzr extract containing 30%, 10%, 3%, 1%, or 0.3% of the amount
loaded in the second lane were analyzed on the same blot and reveal that FZR levels in fzr extracts are maximally 1% of the levels present
in fzr extracts.
(B) FZR accumulates predominantly in the cytoplasm. Cells of fzr and fzr embryos within the invaginating salivary placodes, where fzr
expression is strongly upregulated [3], are shown at high magnification after immunolabeling with anti-FZR (green) and a DNA stain (red).
(C) Labeling with a DNA stain (DNA) and antibodies against Cyclin B (CYCB) reveal that the number of Cyclin B-positive cells in the epidermis
of 9- to 10-hr embryos is correlated with the severity of fzr mutations. While Cyclin B-positive epidermal cells are essentially absent in fzr
embryos () and ubiquitous in fzrie28 null mutant embryos (ie28), intermediate numbers are observed in the hypomorphic fzrG0418 (G0418) and
fzrG0326 (G0326) mutant embryos. Average numbers of Cyclin B-positive cells per epidermal hemisegment ( SD) at stage 12 were 0.3 ( 0.2)
in wild-type, 2.6 ( 1.4) in fzrG0418, 21 ( 8.7) in fzrG0326, and more than 220 in fzrie28 embryos.
(D) Labeling with a DNA stain (DNA) and antibodies against tubulin (TUB) and Cyclin B (CYCB) demonstrates that epidermal cells in fzrie28
embryos complete the additional ectopic mitosis 17, including Cyclin B degradation, successfully. Representative epidermal cells in prophase
(pro), metaphase (meta), anaphase (ana), and telophase (telo) are shown at high magnification.
(E) Syncytial embryos injected at the posterior end with low concentrations of fzr dsRNA were immunolabeled with anti-Cyclin B 9 hr after
injection. The complete embryo shown (top) is oriented with the posterior end toward the right. A transition zone with epidermal cells with or
without anti-Cyclin B labeling (bottom) is shown at high magnification. For further explanation, see the main text.
(F) The number of Cyclin B-positive cells present in the epidermis of 9- to 10-hr hypomorphic fzr mutant embryos (either rape2, rape4, or rape6)
derived from mothers carrying the hypomorphic fzr allele and either an additional wild-type fzr gene copy (black bar) or no additional fzr
gene copy (gray bar) was determined (see the Experimental Procedures). Compared with fzr control embryos (white bar), the hypomorphic
fzr mutant embryos (black and gray bar) have the same elevated number of Cyclin B-positive epidermal cells irrespective of their distinct




regions are deleted (Figure 1D and data not shown), uously graded fashion without zones containing neigh-
boring cells with either none or normal GFP fluores-indicating that fzrie28 is a null allele. fzrie28 is a recessive
lethal mutation, demonstrating that fzr is an essential cence, when the concentration of the injected GFP
dsRNA was limiting (data not shown).gene. Unfortunately, females carrying germline clones
[18] failed to lay eggs. fzr, therefore, is presumably re- Because of the correlation between the level of fzr
function and the fraction of Cyclin B-positive epidermalquired in the germline for oogenesis.
The hypomorphic phenotype resulting from a partial cells after mitosis 16, a reduction of the maternal fzr
contribution would be expected to increase this Cyclinloss of fzr function, however, suggested an alternative
strategy to address the functional significance of the B-positive fraction in hypomorphic fzr mutant embryos,
if functionally relevant amounts of maternally derivedmaternally derived FZR protein during the mitotic divi-
sions in fzr embryos. Interestingly, in individual epider- FZR protein perdured until after mitosis 16. In contrast,
if the maternally derived FZR protein did not perduremal cells within embryos hemizygous for hypomorphic
fzr alleles (fzrG0418 and fzrG0326), mitotic cyclins appeared long enough to assist in the degradation of mitotic
cyclins after mitosis 16, the maternal status of fzr func-to be either absent after mitosis 16, as in wild-type, or
present at the same high level as in fzr null mutant tion should be irrelevant for the severity of hypomorphic
mutant phenotypes. By counting the number of Cyclinembryos (Figure 4C). The fraction of epidermal cells
displaying the abnormal cyclin reaccumulation after mi- B-positive cells after mitosis 16 in embryos hemizygous
for hypomorphic fzr alleles (rape2, rape4, or rape6) derivedtosis 16 was correlated with the allelic strength of the
mutations. Similarily, FZR levels determined by quantita- from mothers with either only a mutant fzr copy (rape2,
rape4, or rape6) or with a fzr copy in addition to thetive immunoblotting experiments were correlated with
allelic strength (data not shown). These findings reveal mutant fzr copy, we were unable to observe an effect
of the maternal fzr genotype (Figure 4F). This resulta switch-like character of the regulation of the FZR-
APC/C degradation pathway, which tends to be either strongly argues that functionally effective levels of ma-
ternally derived FZR protein do not perdure until afterfully active or completely inactive. Decreasing levels of
fzr function bias the degradation system toward the off mitosis 16. The additional mitosis 17 that occurs in em-
bryos hemizygous for fzr null alleles therefore cannotstate. They do not simply reduce the efficiency of mitotic
cyclin degradation gradually in epidermal cells, since a be supported by maternally derived FZR protein. Be-
cause this additional mitosis 17 is completed normallyuniform reaccumulation of mitotic cyclins throughout
the epidermis at a rate slower than in fzr null mutant (Figure 4D), we conclude that exit from mitosis, including
degradation of B-type cyclins, is not dependent on FZRembryos was not observed with the hypomorphic mu-
tants. function.
Further support for this conclusion was also obtainedThe correlation of allelic strength with the fraction of
epidermal cells displaying unscheduled reaccumulation from the analysis of embryos injected with high concen-
trations of fzr dsRNA, which is expected to target notof mitotic cyclins after mitosis 16 was further corrobo-
only zygotic, but also maternal fzr mRNA (data notrated by the analysis of rap alleles, which were found
shown). After mitosis 16, epidermal cell counts in theseto represent hypomorphic fzr mutations (see the Experi-
embryos were indistinguishable from control embryosmental Procedures). Analysis of embryos hemizygous
injected with GFP dsRNA, and this indicated that fzrfor some of the rap alleles revealed that the fraction of
dsRNA does not prevent epidermal cell divisions. More-the epidermal cells that reaccumulate Cyclin B after
over, epidermal cells in fzr dsRNA-injected embryosmitosis 16 was even lower than in embryos hemizygous
failed to arrest after mitosis 16 and progressed throughfor fzrG0326 and fzrG0418 (Figure 4F).
a complete additional division cycle. fzr dsRNA injectionOur conclusion that the fraction of epidermal cells
at high concentrations, therefore, results in an exactreaccumulating Cyclin B after mitosis 16 is sensitive to
phenocopy of the fzr null mutant phenotype.the extent of fzr function was further confirmed by RNA
Analysis of mutant embryos lacking zygotic expres-interference experiments. Injection of fzr dsRNA into
sion of both fzy and fzr has previously demonstratedearly syncytial embryos at high concentration resulted
that FZY is required for exit from the additional mitosisin Cyclin B reaccumulation throughout the entire epider-
17 including mitotic cyclin degradation [3]. Since nomis in half of the injected embryos after the terminal
other fzy/fzr family member is expressed during the ad-mitosis 16 and phenocopied fzr null mutants (data not
ditional mitosis 17 in fzr mutants, we conclude that FZYshown). A decrease in the injected dsRNA concentration
alone is sufficient for the completion of mitosis. Sequen-was accompanied by an increase in the fraction of em-
tial APC/C activation first by FZY, promoting securinbryos displaying only a partial, graded fzr phenocopy.
degradation and thereby the metaphase-to-anaphaseEpidermal regions in which all cells were Cyclin B-posi-
transition, followed by FZR, allowing B-type cyclin deg-tive were always observed near the posterior injection
radation, telophase, and cytokinesis, as originally pro-site in these embryos. In contrast, far from the injection
posed in budding yeast, therefore, is not obligatory forsite, i.e., in the anterior epidermis, Cyclin B-positive cells
higher eukaryote mitosis. In addition, our results confirmwere absent. Transition zones between anterior and poste-
that FZR is essential during the G1 phase for preventingrior regions, usually 1–3 segments wide, were character-
unscheduled accumulation of mitotic cyclins [3].ized by a mosaic of Cyclin B-negative and -positive cells
(Figure 4E). Control injections of green fluorescent pro-
Experimental Procedurestein (GFP) dsRNA into histone-GFP embryos did not
result in Cyclin B reaccumulation in epidermal cells after Fly Stocks
mitosis 16, but resulted in the expected elimination of The P{lacW} element insertion lines fzrG0326 and fzrG0418 were kindly
provided by U. Scha¨fer (MPI fu¨r Biophysikalische Chemie, Go¨t-GFP fluorescence, which, however, occurred in a contin-
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tingen, Germany). The retina aberrant in pattern (rap) locus has been at 25C. Embryos were fixed with methanol as described previously
[23] and were immunolabled with anti--galactosidase antibodies.mapped genetically to the chromosomal region containing the fzr
gene, and rap1, rap3, rapx2, and rapx3 were originally isolated because Labeled embryos were sorted from unlabeled embryos with the help
of an inverted microscope and were used for the preparation ofthey result in a pattern defect in eyes of hemizygous males and
homozygous females [19]. Additional alleles rape2, rape4, and rape6 extracts as described [23]. The fzrG0418 and fzrG0326 alleles were ana-
lyzed in analogous experiments. For immunoblotting, we used anti-were isolated after EMS mutagenesis. Based on the severity of the
eye pattern defect in hemizygous flies, the rap alleles can be ordered Cyclin B [24], anti--tubulin (Sigma), and anti-FZR (1:3000) followed
by detection of bound primary antibodies by using ECL (Amersham).into the following allelic series of ascending strength: rap1, rape2 	
rape4 	 rape6, rapx2, rap3 	 rapx3. fzrG0326 and fzrG0418 were also found For immunolabeling, embryos were collected and fixed as previously
described [24]. The intracellular FZR localization was analyzed withto result in a rough eye phenotype in transheterozygous combina-
tions with rape2 or rapx3. PCR experiments indicated that the rapx3 a Leica TCS SP confocal laser scanning microscope after double
labeling DNA with propidium iodide.chromosome is associated with an insertion in the upstream control
region of fzr (data not shown), and phenotypic analyses in rap mutant
eye imaginal discs revealed extensive similarities on a cellular level RT-PCR and In Situ Hybridization
with the phenotype previously described in fzr-deficient embryos PolyA RNA was prepared from organisms at various develop-
(A.C. Pimentel, V. Hyatt and T.R.V., unpublished data). mental stages with the QuickPrepmicro kit (Amersham Pharmacia
For mobilization of the P{lacW} insertion, we crossed fzrG0418 with Biotech). In addition, polyA RNA was prepared from testes and

2–3. Ten of the 33 w revertant chromosomes associated with carcasses after manual testis dissection. First-strand cDNA was
recessive lethality were selected for characterization of embryonic prepared by using an oligo dT primer and sensiscript reverse tran-
phenotypes. The three revertant chromosomes resulting in the same scriptase (Qiagen). The sequences of the primers used for the analy-
cell cycle phenotype as Df(1)bi-D3 that deletes fzr [3] were analyzed sis of the abundance of fzr2, fzr, fzy, twe, tub, and rp49 transcripts
by PCR for the presence of the flanking genes Pp2C1 and CG3009. by polymerase chain reactions are available upon request. In situ
In the case of fzrie28, these experiments indicated a proximal deletion hybridization was performed as previously described by using di-
breakpoint somewhere between the Pp2C1 stop codon and the goxygenin-labeled antisense RNA probes [25].
putative transcriptional start of fzr. Moreover, experiments with a
series of fzr exon-specific primer pairs indicated the distal fzrie28
Acknowledgmentsdeletion breakpoint somewhere within the second intron.
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